Introduction
In the field of tissue engineering, there has been significant interest in using self-assembly to form biological tissues in a bottom-up engineering paradigm with individual building blocks 1 . Biological systems are inherently hierarchical, composed of many distinct building blocks in ordered structures, such as nephrons in kidneys 2 . Engineered tissues have applications in regenerative medicine as replacements for diseased tissues or to provide tissue mimics for in vitro drug screening 3 . Self-assembled tissue subunits could potentially be combined to form more complex structures for organ transplantation 4 .
Self-assembly occurs when inherent interactions between components induce the spontaneous formation of an ordered structure 5 . Compared to guided and directed assembly methods, self-assembly is advantageous because building blocks can be assembled without external forces that may modify or damage building blocks, and can potentially occur in contexts in which using directed assembly apparatuses is not feasible, for example in some in vivo settings 1 . Examples of self-assembly on the nanoscale include certain proteins and nucleic acids 1 , such as aromatic dipeptides 6 . On the microscale scale, multicellular heterospheroids have been shown to self-assemble by modification of cellular surfaces with biotin and streptavidin 7 , as have polyethylene glycol hydrogels functionalized with DNA dimers 8 and electrostatic charges 9 . On a larger size scale, millimeter-sized cell-encapsulating hydrogels were shown to assemble through paramagnetic-guided interactions between free radicals 10 , and a microrobot has been used to arrange cell-encapsulating hydrogels for tissue culture via direct assembly 11 . However, self-assembly of small, single cell-encapsulated microscale hydrogels (microgels) has yet to be demonstrated.
Hydrogel encapsulation of cells has been widely used for regenerative medicine applications 12 . Single cell encapsulation of cells into microscale hydrogels has recently been achieved using various methods, notably microfluidic technologies 13 . These have been used for in vitro tissue culture and in vivo cell delivery 14 . In terms of in vitro applications, a thin hydrogel coating of singly-encapsulated cells may permit the fabrication of higher resolution in vitro tissue mimics with high cell density, potentially providing a more accurate reproduction of the in vivo microenvironment 14 . The reduced diffusive barrier and smaller size may also improve in vivo applications 15 . Moreover, modification of the cell-encapsulating microgel to mediate self-assembly rather than this being controlled by the cell membrane itself, as in some approaches 7 , could prevent adverse effects on the cells themselves.
Here, we demonstrate the self-assembly of alginate microgels that were modified with three separate combinations of binding pair molecules (BPM). These molecules bind to their complements rapidly and under physiological conditions. Alginate was chosen for microgel fabrication as it is considered biocompatible 16 , is amenable to chemical modification 17 , and can be cross-linked under gentle conditions that are conducive to cell survival 18 . Its rapid but gentle crosslinking mechanism has made it an ideal vehicle for the fabrication of microgels and for cell encapsulation 19 . The BPMs chosen were biotin and streptavidin, and two sets of complementary click compounds, tetrazine (Tz) and trans-cyclooctene (TCO), and Tz and norbornene (Nb), respectively. Biotin and streptavidin form one of the strongest non-covalent interactions with a K d of 10 -14 mol/L, and are stable in the presence of pH changes, organic solvents, and denaturing agents 20 . Moreover, cells functionalized with biotin and avidin were previously shown to be capable of assembly 7 . The click chemistry compounds undergo bio-orthogonal Diels-Alder reactions and do not require the addition of cytotoxic copper catalysts 21 . These reactions are also highly chemoselective and occur at physiological temperatures and pH 21 . Recently, bulk alginate hydrogels cross-linked via click chemistry compounds have been found to allow cell encapsulation 21 . We also characterize the effects of different assembly methods on the number of microgels per assemblage (N m ) and its distribution, and microgel packing within assemblages. Finally, the assembly of cell-encapsulating BPM-modified microgels and the fabrication of multilayered spheroids of BPM-modified microgels are demonstrated.
Methods

3-(p-benzylamino)-1,2,4,5 tetrazine synthesis and purification:
3-(p-benzylamino)-1,2,4,5-tetrazine was synthesized as previously described 21 . Briefly, 4-(aminomethyl)benzonitrile hydrochloride and formamidine acetate were mixed in the presence of anhydrous hydrazine. After the reaction was cooled to room temperature, NaNO 2 and HCl were added, and the product was extracted using dichloromethane and worked up with NaHCO 3 . The crude product was purified by high performance liquid chromatography and lyophilized. were added to the aqueous phase at a final concentration of 1.8% for fabrication of magnetic microgels.
Acetic acid (EMD) in 3M Novec 7500 oil was prepared and added at a final concentration of 0.03-0.04% to 3M Novec 7500 oil containing 1% fluorosurfactant 22 . The aqueous and oil phases were loaded into LeurLok syringes (BD Syringe) and run using a Harvard Apparatus PHD 2000 Programmable syringe pump at 1 uL/min and 3.3 uL/min, respectively, through a cross-junction microfluidic device 23 . The emulsion was incubated for 40 minutes and broken with 20% perfluorooctanol (Alfa Aesar) in 3M Novec 7500 oil. For TCO microgel fabrication, 3M Novec 7500 fluorinated oil with 0.08% acetic acid was added and the emulsion was incubated for 20 minutes. All microgels had a final concentration of 1% weight/volume alginate. Microgels were filtered through 40 µm mesh before use. TCO microgels were incubated in a 20 mM CaCl 2 HEPES buffer for 20 minutes before use. To fabricate streptavidin microgels, biotin microgels (10 6 microgels/mL) was incubated in FITC conjugated-streptavidin (0.2 mg/mL; VWR) for 5 minutes.
Excess streptavidin was removed by centrifugation. Cell viability was determined using ethidium homodimer-1 and calcein-AM (Invitrogen).
Self-assembly and spheroid formation:
Complementary microgels were pipetted into a 0.65 mL test tube at a concentration of 10 6 microgels/mL in a 30:1 or 1:1 ratio. The mixture was either followed by a fiveminute, ten-minute, or overnight incubation (suspension-mediated assembly), or centrifuged at 350 rcf for 5 minute and then incubated for five minutes (centrifugation-mediated assembly). Biotin and magnetic streptavidin microgels, or magnetic tetrazine and TCO microgels, were self-assembled using suspensionmediated assembly conditions at a 30:1 ratio. The test tube was then placed on top of a magnet for 5
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View Article Online minutes. Supernatant was removed and new HEPES buffer (0.13 M NaCl, 25 mM HEPES, 2 mM CaCl 2 , pH = 7.62) was added back. This step was repeated three times. Non-magnetic streptavidin or tetrazine microgels were added in a 30:1 ratio relative to the total number of microgels to form the subsequent layer.
Assemblage dissociation: In order to monitor assemblage over time, assemblages were distributed sparsely on a tissue culture well plate. After 2 days, assemblages were gently agitated by pipetting and the N m was quantified via imaging.
Image acquisition: Images were acquired using an EVOS FL microscope as well as a confocal microscope (Upright Zeiss LSM 710).
Statistical Analysis: One-way ANOVA with pairwise comparisons adjusted with Tukey-Kramer was used to test the statistical significance of differences between means of the groups. Mann-Whitney rank sum test and unpaired, two-tailed Welch's t-test with were used to test the statistical significance between means, where appropriate. Statistical significance was defined as p < 0.05.
Results
Self-assembly using biotin-and streptavidin-modified alginates
Biotin-functionalized alginate was synthesized using EDC/NHS carbodiimide crosslinker chemistry ( Supplementary Fig. 1a ), and ANS fluorescence detection was used to quantify biotin conjugation 20 . The "degree of substitution" (DS) is defined as the number of chemical moieties per alginate polysaccharide chain. Biotin-functionalized alginates with a degree of substitution of 11.8 and 2.1 were synthesized (Fig.   1a ).
Spherical alginate microgels were formed with a microfluidic device ( Supplementary Fig. 1b ) using the alginate that had been functionalized with biotin. The resulting microgels (biotin microgels) presumably presented biotin-binding sites throughout their volume. To create streptavidin-functionalized microgels, biotin-functionalized microgels were incubated with soluble streptavidin protein. As the streptavidin was tagged with a green fluorophore and the entirety of the biotin microgels appeared green, streptavidin binding likely occurred throughout the microgel (Fig. 1b) . These microgels, formed from incubating biotinalginate microgels with streptavidin, are termed "streptavidin microgels." The average diameter for both biotin and streptavidin microgels was 25 µm (Fig. 1c) .
Next, the self-assembly capabilities of biotin and streptavidin microgels were tested. Biotin and streptavidin microgels first were pipetted into a test tube, followed by a short five-minute incubation. This process was
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View Article Online considered "suspension-mediated" assembly (Fig. 2a) . Using this approach, microgel assemblages, defined as multi-microgel structures containing one type of microgel in physical contact with microgel(s) of complementary BPM, were formed (Fig. 2b) . However, when only biotin or streptavidin microgels alone were assembled under the same conditions, >99% of the microgels were single microgels (Fig. 2c), indicating that assemblages were formed due to BPM-specific interactions.
Next, the effect of varying the ratio of microgels functionalized with complementary BPM on the formed assemblages was analyzed, specifically quantifying the N m and distribution of assemblages. Ratios of 30:1 and 1:1 were analyzed. Using suspension-mediated assembly, biotin and streptavidin microgels in a 30:1 ratio resulted in assemblages that had a mean N m of 8.7, compared to a mean of 11.0 for the 1:1 combination (Fig. 2d ). These differences were not statistically significant, but the variability in the N m between the two conditions was substantial. The distribution of the N m (solid line) formed from a 30:1 ratio of biotin to streptavidin microgels was unimodal ( Fig. 2e) with a maximum at 6 microgels per assemblage, with 97% of the starting streptavidin beads incorporated into an assemblage. In contrast, the distribution of N m (solid line) formed from a 1:1 combination of biotin to streptavidin was bimodal. In this condition, 31.6% of assemblages had ≥18 microgels per assemblage, and 61.5% of assemblages had ≤5 microgels per assemblage (Fig. 2f ). These differences were also reflected in the coefficient of variance of the two groups, which were 0.67 and 1.05 for the 30:1 and 1:1 ratio, respectively. Analysis of the distribution microgels that were incorporated into assemblages of different N m revealed that the larger assemblages incorporated the majority of microgels in the 1:1 ratio (dotted line). These results indicate the ratio of microgels bearing complementary BPM controls the N m distribution of assemblages that formed, and that a high ratio leads to a more uniform distribution. All subsequent assembly studies were conducted using a 30:1 ratio of the excess species to limiting species.
The effects of the number of BMP per microgel, microgel concentration, and microgel size on N m were then tested. Assemblages formed from microgels with a higher degree of biotin substitution resulted in a higher mean N m (Fig. 2g) . Reducing the concentration of microgels in suspension was also found to produce assemblages with lower N m , suggesting that the frequency of contact between microgels in suspension also affected assembly (Fig. 2h) . To test the effect of microgel size, 10-µm streptavidin microgels were fabricated using a microfluidic device with a smaller cross-junction aperture and used to mediate the formation of assemblages with 25-µm biotin microgels (Fig. 2i ) in a 1:30 ratio. As with equal sized microgels, the distribution of N m (solid line) and of microgel incorporation (dotted line) formed with 10-µm streptavidin microgels demonstrated one distinct peak (Fig. 2j) . The mean N m , however, was significantly lower than when both biotin and streptavidin microgels were of equal sizes (Fig. 2k) .
Self-assembly with click-modified alginate microgels
As biotin and streptavidin coupling is not completely bio-orthogonal to other compounds, a second microgel self-assembly system was developed using alginate functionalized with click-chemistry compounds, specifically those that do not require cytotoxic copper catalysts. Alginate functionalized with the click-chemistry compounds tetrazine(Tz)-, transcyclooctene(TCO), and norbornene(Nb) were synthesized using EDC/NHS carbodiimide crosslinker chemistry ( Supplementary Fig. 1c-e) . As with biotinylated alginate, these chemically modified alginates were then used to fabricate microgels. The average diameters for tetrazine-, TCO-, and Nb-functionalized microgels were similar to those of biotin and streptavidin microgels (Fig. 3a) . Click microgels were then combined in suspension-mediated assembly (Fig. 2a) , and the type of BPM was found to influence N m (Fig. 3b) . Like the biotin and streptavidin microgel assemblages, the click-chemistry assemblages only formed in the presence of complementary BPM. When Tz, TCO, and Nb microgels alone were in suspension, 93-97% of microgels were single microgels (Supplemental Fig. 2a) .
With a 5-minute incubation for suspension-mediated assembly, biotin and streptavidin microgels assemblages had a mean N m of 6.1, Tz and TCO microgel assemblages had a mean N m of 5.2, and Tz and Nb microgel assemblages had a mean N m of 2.6. Incubating complementary microgels for an additional 5 minutes created larger assemblages of Tz and TCO microgels, though not of biotin and streptavidin or Tz and Nb microgels. An overnight incubation produced assemblages of biotin and streptavidin and Tz and TCO microgels that were substantially larger than those produced from shorter incubation times. Tz and Nb microgel assemblages, however, maintained the same N m , and had a lower mean N m than assemblages made from other BPM at all times points (Fig. 3b) .
We next explored if the assembly method could lead to different N m . As centrifugation may bring microgels into contact to a greater extent than in a suspension and thereby produce larger assemblages, centrifugation-mediated assembly was tested (Fig. 3c) . Like assemblages produced in suspension, assemblages resulting from centrifugation-mediated assembly only formed when complementary BPM microgels were combined. Microgels modified with the same BPM produced 93-99% single microgels when centrifuged, similar to levels before centrifugation (Supplemental Fig. 2b-c) . With the same overall incubation time for suspension-and centrifugation-mediated assembly (10 minutes), centrifugation resulted in significantly higher mean N m across all three systems. The N m of biotin-streptavidin assemblages was higher than that of Tz-TCO assemblages, which were in turn was higher than that of Tz-Nb assemblages (Fig. 3d ).
To monitor assemblages over time, the mean N m across the three systems after 2 or 5 days was measured and compared to the baseline N m . While the mean N m for biotin-streptavidin and TCO-Tz assemblages did not decrease over time, there was a 1.8 reduction in mean N m for Nb-Tz assemblages (Fig. 3e) .
The percentage of the limiting microgel type, defined as the microgel species present in less quantity during assembly, incorporated into assemblages was then determined as a function of the specific BPM. Close to 100% of the limiting microgel species was incorporated into assemblages in both the biotin-streptavidin and TCO-Tz systems under both suspension-and centrifugation-mediated conditions. However, in suspension-mediated assembly of Nb-Tz microgels, only 18% of the limiting microgel species was incorporated into assemblages. Centrifugation-mediated assembly was able to increase the limiting microgel species incorporation in the Nb-Tz system to 98% (Fig. 3f) .
In addition to N m , the coordination numbers for assemblages were quantified in order to determine the packing density of microgels. The coordinate number was defined as the number of complementary microgels in direct contact with a central microgel of the limiting species. Under suspension-mediated assembly, the biotin-streptavidin exhibited a higher mean coordinate number than the TCO-Tz system, which exhibited a higher mean coordinate number than the Nb-Tz system for all three suspension-mediated assembly timepoints (Fig. 4a) . These coordination numbers were lower than those characteristic of the thinnest regular packing of monodisperse spheres (6) 24 . Larger coordination numbers resulted from centrifugation-mediated assembly in all three systems compared to 5-10-minute suspension-mediated assembly (Fig. 4b) . The mean coordination numbers of assemblages formed from centrifugation-mediated assembly demonstrated the same trend as those formed from suspension-mediated assembly. The biotinstreptavidin and TCO-Tz systems are comparable to the coordinate number observed in very loose random packings 25 . However, the mean coordination number of Nb-Tz assemblages remained much lower than the thinnest regular packing of spheres. The contact areas between microgels in spontaneous-and centrifugation-mediated assembly were also measured ( Fig. 4c-d) , and was greater with centrifugationmediated assembly (Fig. 4e) .
Assemblage separation, spheroid formation, and cell encapsulation
In order to purify assemblages from single beads and allow multilayer assemblages, a magnetic-based sorting system was then tested. Biotin microgels were loaded with Fe 2 O 3 nanoparticles by mixing the alginate polymer precursor with Fe 2 O 3 nanoparticles prior to injection into the microfluidic device. Since the pore size of alginate hydrogels is roughly 5 nm 26 , the nanoparticles, which are 15-20 nanometers, were entrapped in the matrix. A magnetic separation process was then executed to obtain a pure population of assemblages (Fig. 5a ). After three rounds of magnetic purification, assemblages were retained while 93% of single microgels were removed (Fig. 5b ). An assemblage with three layers was then pursued by adding microgels modified with the BPM species of the core microgel to the initial asssemblages, allowing "growth" of microgel layers in the radial direction. A magnetic Tz microgel core was assembled with nonmagnetic TCO microgels, sorted, and then assembled with a subsequent layer of non-magnetic Tz microgels (Fig. 5c) . The coordination number for the TCO layer (layer 1) was found to be 6, and the coordination number for the non-magnetic Tz layer (layer 2) was 16 ( Fig. 5d) .
Finally, the ability of cell-encapsulated microgels to self-assemble was tested. Murine mesenchymal stem cells were encapsulated into alginate microgels, with the number of cells per microgel averaging 1.4 (Fig.   6a ). These cells exhibited high viability following encapsulation in all four types of microgels (Fig. 6b) as well as upon suspension in the HEPES-buffered physiological saline used previously for self-assembly.
Cell-encapsulating microgels were then combined to form assemblages (Fig. 6c-g ). As with empty microgels, the mean N m of cell-encapsulating TCO-Tz assemblages was lower than that of cellencapsulating biotin-streptavidin assemblages (Fig. 6g) . There was also no statistical difference in mean N m between cell-encapsulating and empty microgel assemblages in both the biotin-streptavidin and TCO-Tz systems.
Discussion
Microgels modified with BPM could be induced to self-assemble either in suspension (suspension- suggesting that binding kinetics may be used for controlling the dissociation of assemblages.
In contrast to binding constants, there was no apparent positive correlation between bond energy and the N m , as the bond energies of biotin and streptavidin is 160 pN 30 , compared to 1600 pN 31 for both the click systems. However, as decreased DS of biotin significantly reduced the N m (Fig. 2i) , the overall adhesion strength between microgels does appear to play a role in self-assembly.
The coordination numbers of assemblages was quantified in order to determine packing density, as many studies have shown that overall cell density can impact biological outcomes 32, 33, 34, 35 . The highest packing densities achieved here, those resulting from centrifugation-mediated assembly, were equivalent to very loose random packing. Further increasing the concentration of microgels might lead to a higher packing density. However, initial binding of microgels is likely to be random, and strong BPM could prevent microgels from rearranging in order to accommodate higher packing density. It is unclear if rearrangement occurs in the systems investigated here, but the strong bond energies and the low packing density would suggest that rearrangement does not occur. BPM that have high binding kinetics but low bond energies may therefore enable rearrangements of microgels towards the most thermodynamically favorable configuration in the future.
Finally, BPM-modified alginates were shown to be capable of viably encapsulating cells without losing their assembly properties. Modification of the encapsulating polymer rather than the cell itself to promote self-assembly may reduce negative side effects on cell viability and behavior. By exploiting assembly parameters, such as assembly method, BPM type and concentration, and microgel size, controlled assemblages of heterogeneous cell clusters at specific ratios may be fabricated. Modification of cellencapsulating microgels with BPM may also complement existing techniques using microrobotics and other platforms for assembling microscale hydrogels into determined structures by providing a means of stably and rapidly annealing assembled microgels 1, 8, 11, 36 . Moreover, unlike assembly strategies that rely on nucleic acids, the assembly buffer used here-a HEPES buffered physiological saline-does not require detergents to stabilize the assembly. These considerations may be important for in vivo applications, as the in vivo environment will often prevent the usage of specialized buffers or assembly apparatus. Microgels have been shown to be capable of forming injectable microporous scaffolds, and incorporation of cell encapsulation and BPM modification may enable the creation of cell-seeded microporous scaffolds in vivo without the need of separate annealing agents 37 .
Conclusion
We developed a system for cell-encapsulating microgel self-assembly using alginates modified with three sets of BPM: biotin and streptavidin, Tz and Nb, and Tz and TCO. Microgels altered in this way could selfassemble to form structures with packing densities comparable to very loose randomly packed configurations. Self-assembly systems such as these could augment existing regenerative medicine therapies, such as the fabrication of multicellular "niches" for drug screening, or encapsulation of cells for cell infusion therapies. (C) Three-layered radial spheroid with a magnetic Tz microgel core (green), followed by a layer of TCO microgels (red) and a subsequent layer of Tz microgels 
